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We designed, fabricated, and characterized a binary diffractive lens with features less than 60 nm. The
lens was designed for operation in the red portion of the spectrum. Experimental measurements of lens
performance agree with predictions generated by rigorous models of diffraction.  2000 Optical Society of
America
OCIS codes: 050.1970, 220.3630, 220.4000, 220.3740, 050.1960.The transmission and distribution of information from
an array of sources to an array of detectors in a
free-space optical interconnect requires passive opti-
cal elements capable of providing focusing, collimation,
fan-out, and fan-in.1 To keep the system compact re-
quires that the elements be easily integrated with
active devices and capable of bending light at large
angles, which is more easily achieved with diffrac-
tive optics than with refractive optics. However, the
diffractive element must have features that are either
of the order of the operating wavelength or less, and re-
cent developments in computing and fabrication have
made possible the design and fabrication of such ele-
ments.2 – 11 For example, advances in fabrication have
produced grating def lectors with minimum features
of the order of 100 nm and 20± def lection angles for
633-nm operating wavelengths.11
Cylindrical9 and circular lenses10,11 have also been
produced that use pillars to area encode the desired
phase. Kipfer et al.9 demonstrated the first binary
subwavelength lens using 10.6-mm illumination. The
structure corresponded to a 20± off-axis cylindrical lens
with a 3-cm focal length and a 4-cm aperture f0.75.
The pillar pitch was 7.5 mm, and the smallest pil-
lar width was 1 mm. The lens was fabricated in a
silicon dioxide substrate SiO2, n  1.5 with an etch
depth of 7 mm. Chen and Craighead10 were the first
to demonstrate a binary subwavelength lens operat-
ing at 633 nm. The structure corresponded to an on-
axis spherical lens with 20-mm focal length and 1-mm
aperture f20. The pillar pitch was 700 nm, and
the smallest pillar width was 350 nm. The lens was
also fabricated in SiO2 with an etch depth of 1 mm.
More recently, Lalanne et al.11 used 860-nm illumina-
tion to demonstrate a 20± off-axis spherical lens with
a 400-mm focal length and a 200-mm aperture f0.5.
The pillar pitch was 405 nm, and the smallest pillar
width was 120 nm. The lens was fabricated in tita-0146-9592/00/060381-03$15.00/0nium dioxide TiO2, n  2.3 with an etch depth of
990 nm.
Using annular rings instead of pillars to encode
phase, we demonstrate a binary subwavelength on-axis
spherical lens in the visible spectrum that is smaller
and optically faster than the lenses cited above. The
lens has a measured 65-mm focal length and a 36-mm
aperture f1.75. The ring pitch is approximately
160 nm, and the minimum ring width is less than
60 nm. The lens was fabricated in SiO2, with an etch
depth of 400 nm. In addition, to validate the perfor-
mance of the lens, we compare the experimental results
with predicted results for a lens with fabrication errors.
We brief ly describe the lens design, fabrication, and ex-
perimental characterization.
To design a diffractive element that realizes a spe-
cif ic wave-front transformation using subwavelength
features, one can use an effective refractive index to
map the desired superwavelength function onto a sub-
wavelength form. If the superwavelength behavior
can be represented as a phase transformation ux, the
refractive index associated with it is
neff x  ns 2 n0
∑
ux
u0
∏
1 n0 , (1)
where
u0 
2pdns 2 n0
l
, (2)
d is the etch depth of the binary element, n0 is the
refractive index of the medium exterior to the element
substrate, and ns is the refractive index of the element
substrate. The phase u0 is the maximum phase that
the diffractive element can obtain. If the desired
phase exceeds u0, then ux must be clipped to a range
of phase values equal to u0.12 2000 Optical Society of America
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tx, we use pulse-width modulation,4,6,9,10,12
tx  d
X`
m2`
rect
µ
x 2 mD 2 gmD2
gmD
∂
, (3)
where gx is a function of the effective index neff x
and gm  gmD is its sampled representation. The
sampling distance D is of the order of lns. The
relationship between gx and neff x can be calculated
either with rigorous electromagnetic models or with
approximate ones.13
Because area is related to phase in our encod-
ing scheme, the change in phase ux determines
the minimum feature d that is necessary to resolve
the phase accurately. However, fabrication technol-
ogy limits the minimum feature size dmin that can ac-
tually be realized. If the required feature size d is less
than dmin, the pattern must be spatially quantized.12
Using this procedure, we designed an axisymmet-
ric 100-mm focal-length, 45-mm-diameter binary sub-
wavelength diffractive lens. The lens was designed
to have a 60-nm minimum feature and to operate
with 600-nm illumination. The design etch depth was
600 nm, which yields a feature aspect ratio of 10:1. To
achieve a larger aspect ratio would have required ei-
ther a smaller minimum width, which we felt we could
not reliably achieve, or a deeper etch, which would
have presented mechanical stability problems for the
electron-beam resist used in fabrication.
Unlike previous lens designs, which encoded the
phase by use of subwavelength pillars,10,11 we encoded
the phase by use of subwavelength annular rings. To
do so, we accounted for the annular nature of our
structures in the area calculations that relate gx to
neff x in Eq. (3). A radial cross section of the lens
is represented in Fig. 1. The 2p-continuous-phase
function represents our desired lens phase ux. The
phase-limited function results after we account for the
600-nm etch depth and represents the phase that we
encoded according to Eq. (3).
The lens was fabricated by use of electron-beam
lithography to define the 60-nm minimum feature.
The SiO2 substrate was patterned with a gold mask.
To improve gold adhesion to the substrate, we sput-
tered a 20-nm surface layer of silicon nitride onto
the substrate first. This was followed by a ther-
mally evaporated 150-nm layer of gold. A 70-nm layer
of the electron-beam resist poly(methyl methacrylate)
(PMMA) was spin coated above the gold layer.
We used electron-beam writing to pattern the
PMMA, using a Hitachi S-4500 scanning electron
microscope with a 30-kV acceleration voltage. Fol-
lowing exposure, the PMMA was developed in a 3:7
concentration of 2-ethoxyethanol and methanol. We
then performed ion milling with argon gas to remove
the gold in the areas where the PMMA was exposed.
Gold is etched by this ion bombardment at four times
the rate of PMMA.
Once the pattern was transferred to the gold layer,
we applied reactive-ion etching to the substrate. The
etching process employed an Ar–Cr2F6 gas mixture at
a pressure of 20 mTorr, with a f low rate of 4 SCCM(SCCM denotes cubic centimeters per minute at STP)
for Ar and 10 SCCM for C2F6. The plasma was
maintained with 50 W of high-frequency power, which
produced a bias voltage of 2360 V . Figure 2 is a
picture of the etched lens taken with a scanning
electron microscope. The design profile is provided
for comparison. Note that all features in the desired
profile are visible in the etched lens.
We characterized the physical attributes of the
lens, using a Wyko white-light interferometer. The
measured diameter was 36 mm, and the measured
etch depth was 400 nm. Although we were unable to
measure the size of the minimum feature, if we assume
that the 80% scaling from the 45-mm design diameter
to the 36-mm measured diameter can be applied to the
entire structure, the minimum feature is of the order of
48 nm. The errors in lateral scale and depth are due
to errors in the calibration of the pattern writing and
etch processes, which we are still ref ining.
Nonetheless, the recent development of tools to
analyze rigorously diffractive elements with sub-
wavelength structures14 allowed us to verify the
Fig. 1. Depth profile of axisymmetric binary subwave-
length lens in radial cross section. 2p-continuous-phase
lens and limited-phase lenses used to obtain the binary pro-
file (dashed line) are also shown (heavy solid line).
Fig. 2. Etched subwavelength lens taken by scanning
electron microscope. The desired binary profile is shown
for comparison.
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sured intensity responses at a plane 65 mm from lens.
performance of the fabricated element as a lens. (The
presence of subwavelength features invalidates a
scalar-based analysis of the lens.) We used the
measured parameters to scale our design profile
and analyze the subsequent structure with a finite-
difference time-domain technique for rotationally
symmetric structures.14 The analysis predicted a
65-mm focal length, which we verified experimentally.
Figure 3 is a comparison between the measured
response of the lens at the plane 65 mm from the
lens and the response predicted by the analysis. Note
that, neglecting noise and bias, the basic shape of both
responses is similar. The width of the central lobe,
taken as the width between the first two minima, is
approximately 3 mm for both lenses. Further, even
in the presence of noise, the sidelobes exhibited in
the experimental results line up with the predicted
sidelobes. The noise and the bias in the experimental
response were generated by the low-dynamic-range
8-bit detector, which effectively has only 5 bits of
dynamic range; the noise f loor of the detector is at the
third bit.
Although other groups9 – 11 have reported fabrication
of subwavelength lenses, the lenses were larger, had
larger feature sizes, and provided no analysis of their
lens structures. Our analysis capabilities in combina-tion with optical characterization allowed us to account
for fabrication errors and to confirm the observed
experimental behavior with simulations. Further
refinement of our fabrication and characterization
procedures is planned, as well as a more-detailed
characterization of lens performance.
J. Mait’s e-mail address is mait@arl.mil.
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